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ZnS  nanoparticles  Co-doped  with  Mn  and  Te  (x  = 0.05 and 0.10) have been 
synthesized for the first time by chemical co-precipitation method, thiophenol is used 
to passivate the surface of the particles. The as-prepared samples were amorphous in 
nature. Nanocrystallinity was induced after calcining the samples at 300oC/2hrs. The 
obtained nanoparticles were subjected to X-ray diffraction (XRD), Energy Dispersive 
Analysis of X-rays (EDAX), Transmission Electron Microscopy (TEM), 
Photoluminescence (PL) and Electron Paramagnetic Resonance (EPR) studies. All 
the samples exhibited cubic structure and the particle size was found to be 3-5 nm. 
EDAX revealed that the compositions did not deviate much from the target 
compositions. The photoluminescence studies showed emission in the red region and 
the emission wavelength is varied with composition. The Electron Paramagnetic 
Resonance  (EPR)  spectra  showed  paramagnetic  nature  of  the  samples  at  room  
temperature. EPR and PL results were quite consistent with each other. 
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1. INTRODUCTION 
 
In recent years, low dimensional structures and nanometer-sized semicon-
ductor particles have received much attention due to their novel unique 
properties and potential applications in optoelectronic industry [1, 2]. The 
structure, electronic, optical and magnetic properties of nanoparticles differ 
from  those  of  their  corresponding  bulk  form  due  to  quantum  confinement  
effects [3, 4]. All these properties are various manifestations of the so-called 
quantum size effect which arises due to the increasing quantum confinement 
of the electrons and holes with diminishing size of the crystallites and the 
consequent changes in the electronic structures. However, when the 
dimensions of the crystallites becomes comparable or less than the Bohr radius 
of the exciton wave function, there is a significant change in the properties. 
In molecular terminology, this corresponds to the widening of the energy gap 
between the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) as the size decreases. The ability to tune the band 
gap of semiconductor to suit any specific application by tailoring the size of 
the particles has many exciting technological implications.  
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 As  a  nontoxic  II-VI  semiconductor  material,  ZnS  is  chemically  more  
stable and technologically better than other semiconductor materials (such 
as ZnSe), so it is considered to be a promising host material. Both transition 
metal ions (e.g. Mn2+ [5,6], Cu2+ [7] ) and rare earth ions (e.g. Eu3+ [8,9] ) 
have  been  incorporated  into  ZnS  nanostructures  by  various  physical  and  
chemical methods. These doped ZnS semiconductor materials have a wide 
range of applications in electroluminescence devices, phosphors, light 
emitting displays, optical sensors, etc. Among these nanostructured 
materials, zinc sulfide nanoparticles doped with Mn2+ ions (ZnS:Mn) are of 
special interest due to the highly effective luminescence [10]. In addition, 
the introduction of magnetic Mn2+ ions into nonmagnetic ZnS semiconductor 
nanoparticles allows for the generation of diluted magnetic semiconductor 
(DMS), which can exhibit interesting magnetic and magneto-optical 
properties. The recombination of magnetic spin and electron charge in such 
magnetic nanostructures may also provide unparalleled opportunities for the 
rapidly emerging field of spintronics [11]. Electron Paramagnetic Resonance 
(EPR) technique has been widely used to  obtain an insight  about the local  
crystal field effects and symmetry around Mn2+ ions in ZnS lattice [12]. In 
this study, the photoluminescence (PL) and electron paramagnetic resonance 
(EPR) properties of ZnS nanoparticles co-doped with Mn and Te synthesized 
by using chemical co-precipitation method are reported for the first time. 
 
2. EXPERIMENTAL 
 
Zinc acetate, manganese acetate, sodium sulfide and tellurium dioxide (Sigma 
Aldrich, Germany) were used as starting compounds. Appropriate amounts of 
these were weighed according to the stoichiometry to obtain target 
compositions  of  Mn  and  Te  (x = 0.05 and 0.10). The source materials were 
dissolved in 100 ml methanol to make 0.1 M solutions. The stoichiometric 
solution was taken in a burette and was added drop wise to a mixture of Na2S 
(0.1 M) + 50 ml H2O + 2 ml of thiophenol + 100 ml of methanol with 
continuous stirring until a fine precipitate was obtained. The precipitated 
solution was kept under constant stirring for 20 hrs. The precipitate was 
filtered out and was washed thoroughly with de-ionized water. The as-
prepared samples (the precipitates) were amorphous in nature as revealed by 
XRD studies. Calcining the samples at 300°C/2hrs. induced nano-crystallinity. 
EDAX technique was employed for the compositional analysis of the samples. 
XRD studies were carried out using Seifert 3003TT X-ray diffractometer. 
Grain size studies were done using TECHNAI-TEM FEI Transmission Electron 
Microscope  (TEM),  operated  at  an  accelerating  voltage  of  100-200  KV.  
Samples for TEM studies were prepared by dispersing the powders in 
methanol. Photoluminescence spectra were recorded at room temperature in 
the wavelength range of 400-700 nm using PTI (Photon Technology 
International) Fluorimeter with a Xe-arc lamp of power 60 W. An excitation 
wavelength  (lexc) of 320 nm was used. Electron Paramagnetic Resonance 
(EPR) Spectra for powder samples were recorded at room temperature using 
X-band Bruker ER-041 Spectrometer in the frequency range of 8.8-9.6 GHz. 
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3. RESULTS AND DISCUSSION 
 
3.1 Chemical and Structural Analysis 
 
In  order  to  confirm  the  presence  of  Mn  and  Te  ions  in  the  material,  we  
perform the EDAX study of co-doped samples. The typical EDAX spectrum 
of ZnS nanoparticles co-doped with Mn and Te (x = 0.05) is shown in Fig. 1. 
 
 
 
Fig. 1 – EDAX spectrum of ZnS nanoparticles co-doped with Mn and Te (x = 0.05) 
 
It is clear that chemical compositions of the constituents in the samples, 
obtained from EDAX did not deviate much from the starting material 
composition. Crystallinity, size and phase of the nanoparticles were 
characterized by XRD as shown in Fig. 2.  
 
 
 
Fig. 2 – XRD patterns of  ZnS nanoparticles co-doped with Mn and Te (x = 0, 0.05 
and 0.10). The peak positions are marked for the cubic ZnS (JCPDS No.80-0020). 
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Peak positions indicate the formation of zincblende crystal structure with 
three most preferred orientations [111], [220] and [311]. No other impurity 
peaks were observed indicating the formation of pure cubic phase of ZnS 
only, the broadening of the diffraction peaks shows the formation of nano 
sized particles. The average nano crystallite sizes are calculated from 
fullwidth at half maximum (b) of XRD peaks using Debye-Scherrer’s 
formula [13]. 
 
 D = 0.94l/bcosq (1) 
 
Where D is the average particle size, b is the full width at half maximum 
(FWHM) of XRD peak expressed in radians and q is the position of the 
diffraction peak. From the calculations, the average diameter of the 
particles  lies  in  the  range  of  3-5  nm.  Typical  TEM  image  of  ZnS  
nanoparticles co-doped with Mn and Te (x = 0.05) is shown in Fig. 3. 
 
 
 
Fig. 3 – Typical  TEM  micrograph  of  ZnS  nanoparticles  co-doped  with  Mn  and  Te  
(x = 0.05), with inset showing the size distribution plot. 
 
The crystallites in the sample with x = 0.05 are found to be isolated and 
spherical in shape. The distribution plot fitted to a Gaussian profile is 
shown as inset in Fig. 3. This shows that the size of most of the particles 
lies in a narrow range of 3-6 nm. The average particle size obtained from 
TEM  is  3.9  nm  for  the  samples  of  this  composition,  which  is  comparable  
with that of the crystallite size estimated from XRD measurements. 
 
3.2. PHOTOLUMINESCENCE STUDIES 
 
Fig. 4 shows the PL emission spectra recorded at room temperature, with an 
excitation wavelength of 320 nm, for the present ZnS nanoparticles co-doped 
with Mn and Te (x = 0.05 and 0.10). 
It is obvious that the emission is peaked at 605 nm and 609 nm for x = 0.05 
and 0.10 samples respectively. The emission wavelength is red shifted with 
increasing  dopant  (Mn  and  Te)  content  and  also  luminescence  intensity  
 
 
 
 PHOTOLUMINESCENCE AND EPR STUDIES OF ZnS… 643 
decreases gradually. The luminescence intensity is maximum for x = 0.05 
samples and it quenches for x = 0.10 samples. Similar luminescence intensity 
drop was also observed by Rao et al. [14] in (ZnS)1 – x (MnTe)x bulk powders 
prepared by solid state reaction method. Son et al. [15] reported an emission 
wavelength of about 580 nm in 5 % Mn doped ZnS nanoparticles having an 
average grain size of 7.3 nm. They also observed appreciable drop in emission 
intensity with increasing Mn content (5-10 at.%). 
 
 
 
Fig. 4 – PL spectra (lexc = 320 nm) of ZnS nanoparticles co-doped with Mn and Te 
(x = 0.05 and 0.10), undoped ZnS PL spectrum shown in inset 
 
 The  inset  in  Fig.  4  shows  PL  spectrum  for  undoped  ZnS  nanoparticles  
recorded in the present work for comparison. Blue emission peaking at 
440  nm  with  two  less  prominent  sub  bands  at  411  nm  and  451  nm  are  
observed for undoped ZnS nanoparticles. Other workers [16, 19] have also 
reported similar blue emission in undoped ZnS nanoparticles. In the present 
investigation, undoped ZnS nanoparticles showed blue emission and yellow 
emission was observed in Mn doped ZnS nanoparticles, which was not shown 
here. Whereas Mn and Te co-doped ZnS nanoparticles exhibited intense red 
emission. The red shift in the emission wavelength observed in the present 
study is a good example of energy transfer process, wherein Mn ions 
transfer energy to Te ions and the red emission occurs from Te ions through 
3T1 ® 1A1 [20] transition. In the present nanoparticles of ZnS: (Mn, Te) the 
red emission may be due to Mn2+ surrounded by a mixture of S and Te ions 
or even by Te ions only [21]. Rao et al. [14] have earlier reported 
composition independent broad emission bands in the red region centered 
around 650 nm in (ZnS)1 – x (MnTe)x bulk powders for x in the range 0.02-
0.25.  Benalloul  et  al.  [21]  observed emissions peaking at  600 nm in Zn1 – x 
MnxS1 – yTe|y thin films with x = 0.04 and y = 0.06 at low temperatures. No 
reports  on  PL  spectra  of  ZnS  nanoparticles  co-doped  with  Mn  and  Te  are  
available in literature for comparison.  
 
3.3. ELECTRON PARAMAGNETIC RESONANCE STUDIES 
 
EPR study is one of the best tools because of its high absolute sensitivity 
and the ability to detect small changes in the local crystal field, resulting 
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from different localization of the paramagnetic impurity ions. Also it is 
used to study the changes in the configuration and nature of the 
neighboring ligands [22]. Fig. 5 shows the EPR spectra of the present 
samples recorded at room temperature (300 K) in the frequency range of 
8.8-9.6 GHz. When the magnetic field is applied to the sample, the energy 
levels of Mn2+ (55Mn, I = 5/2) split due to Zeeman interaction. In addition, 
the interaction of the electronic spin with the nuclear spin gives rise to the 
hyperfine interaction. 
 
 
 
Fig. 5 – EPR spectra of  ZnS nanoparticles  co-doped with Mn and Te (x = 0.05 and 
0.10) at room temperature, inset shows six-line hyperfine structure pattern for 
(x = 0.05) samples 
 
The EPR spectra of the Mn2+ centers in nanocrystalline cubic ZnS: Mn are 
described by the following Spin Hamiltonian, with usual notation [23]. 
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The first two terms on the right hand side represent the main interactions 
of the S = 5/2 electron spin with the external magnetic field B (the electron 
Zeeman interaction) and the hyperfine interaction with the I = 5/2 nuclear 
spin of the 55Mn (100 % abundance ) isotope, respectively. The next two 
terms describe the interaction of the electron spin with the local crystal 
field, characterized by the Zero-Field Splitting (ZFS) cubic a and axial D 
parameters, and the last term corresponds to the nuclear Zeeman interaction 
of the I = 5/2 nuclear spin with the external magnetic field B. 
 From the figure it  is  obvious that  for  low dopant Mn and Te (x = 0.05) 
concentration six-line hyperfine structure appears in the central region of 
the spectrum shown in the inset. This sextet pattern is characteristic of 
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Mn2+ ions with a nuclear spin I = 5/2. Further, with increasing dopant (Mn 
and Te x = 0.10) concentration, the characteristic six-line pattern disappears 
and  a  broad  signal  appears.  This  broad  line  could  be  due  to  clustered  
manganese ions, which strongly influence one another through their 
magnetic moments. We obtained the g value (2.0046) using Rubbins and 
Beanny relation [24] for the present ZnS: Mn, Te samples and confirms the 
paramagnetic nature at room temperature. Rao et al. [25] also observed 
similar disappearance of hyperfine structure for higher concentrations of 
Mn2+ in (ZnS)1 – x(MnTe)x powder samples and also reported similar g-value 
(~ 2.003). 
 Our EPR and PL results are in good agreement with each other. The red 
emission of the present samples is maximum for x = 0.05 concentration, and 
subsequently, it quenched with increasing Mn and Te (x = 0.10) content. 
Whereas in EPR, x = 0.05 samples exhibited six-line hyperfine structure 
pattern and this pattern disappears for x = 0.10 samples. 
 
4.CONCLUSIONS 
 
We have successfully prepared ZnS nanoparticles co-doped with Mn and Te 
(x = 0.05 and 0.10) for the first time by chemical co-precipitation method 
using  thiophenol  as  a  surfactant.  Particle  sizes  in  the  range  of  3  –  5  nm 
were obtained with cubic zinc-blende phase. The samples showed 
photoluminescence in the red region with composition dependent emission 
wavelength. The intensity of emission decreases with increasing dopant 
concentration of  Mn and Te.  EPR analysis  proves  the presence of  Mn as  a  
substitutional  dopant  in  place  of  Zn  in  the  zinc  blende  structure  of  ZnS  
nanopartiles  with  paramagnetic  nature  at  room  temperature  and  also  the  
EPR spectra supported the photoluminescence studies. 
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